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Magnetic skyrmions are topologically distinct particles whose thermally activated motion could be used to
implement probabilistic computing paradigms. While solid-liquid phase transitions in skyrmion lattices have
been demonstrated, the behavior of a skyrmion liquid and the effects of pinning are largely unknown. Here we
demonstrate the formation of a weakly pinned skyrmion liquid in a magnetic heterostructure. By inserting a
Ru wedge layer at the ferromagnet/heavy metal interface we evaluate the dependence of skyrmion dynamics
on the skyrmion size and density. Our experiments demonstrate that the diffusion of skyrmions is largest in
dense liquids with small skyrmions. The thermal motion of skyrmions at room temperature easily overcomes
the narrow distribution of pinning site energies in the granular film structure, satisfying a key requirement of
probabilistic device architectures. Micromagnetic simulations support the findings and also reveal the existence
of a thermally activated high-frequency collective oscillation.
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I. INTRODUCTION

Magnetic skyrmions [1,2] occur in a wide range of mag-
netic systems [3—7]. The small size and stability of skyrmions
combined with the ability to drive them with electrical cur-
rents has led to interest in using them in memory and
logic devices [1,8,9]. As emergent particles, skyrmions can
also undergo thermally excited diffusion [7,10], which for
most device proposals would reduce the device effectiveness.
As an alternative, devices which exploit thermal motion to
implement nonconventional computing paradigms, such as
probabilistic computing, have been proposed [10-12]. The
thermally excited motion of individual skyrmions has been ex-
perimentally studied [10,13], along with multiple skyrmions
in confined geometries [14]. The implementation of skyrmion
diffusion-based devices in ultrathin films will require an in-
depth understanding of the interaction between skyrmions
and the material grains and pinning sites commonly found
in such films [15-17]. The interaction of skyrmions with
such defects has so far been studied using molecular dy-
namic and micromagnetic simulations [18,19], as well as
through the combination of experimental and simulation work
[20,21].

Along with the possibility of making devices, the intrin-
sic behavior of skyrmions is of great interest. Most device
proposals require skyrmions to be metastable excitations, but
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skyrmions can also be the lowest energy state of a system
leading to the formation of skyrmion lattices [22]. It has been
demonstrated that a lattice of skyrmions can melt from a
crystalline phase to a liquid phase passing through a hexatic
phase [7,23,24]. However, the behavior of skyrmions in a liq-
uid phase, and, in particular, in the presence of pinning sites,
has not been well studied. Here we study the thermally acti-
vated motion of dipole-stabilized magnetic bubble skyrmions
[25] in an ultrathin magnetic heterostructure with perpendic-
ular anisotropy [3,26]. The size and density of skyrmions is
controlled by a Ru insertion layer. We demonstrate that the
skyrmions form a weakly pinned liquid at room tempera-
ture [27], and extract the correlation lengths and correlation
times of skyrmions in the liquid. Furthermore, we investigate
the pinning of skyrmions, finding that there is a narrow and
spatially uncorrelated distribution of pinning strengths. The
experimental results are well approximated by suitable mi-
cromagnetic simulations, which also reveal the existence of a
thermally excited high frequency collective oscillation mode
of the skyrmions, which may be relevant for high frequency
devices.

II. THEORETICAL BACKGROUND

The motion of a skyrmion under an applied force can be
approximately described by the Thiele equation [28], which
assumes that the skyrmions have a rigid spin structure:

M;y~'G x C+ M,y 'aDC =F, (1)

©2022 American Physical Society
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(a)

where M, is the saturation magnetization, y is the gyromag-
netic ratio, « is the magnetic damping constant, G = (0, 0, G)
is the gyromagnetic coupling vector where G = +4x for
a skyrmion, C(z) is the center-of-mass coordinate of the
skyrmion, D is known as the dissipative force tensor, and F
is an applied force (see methods for details). The first term
on the left-hand side of Eq. (1) gives the gyrotropic motion
of skyrmions, which causes them to move orthogonally to an
applied force. This term has significant effects on skyrmion
behavior. For instance, it has been shown that the gyrotropic
component reduces the effectiveness of point pinning sites
[16], and leads to motion along a magnetic anisotropy bound-
ary [17,29].

The thermally driven dynamics of individual skyrmions
have been extensively studied both in experiments and in
simulations. Theoretically, it is expected that individual
skyrmions in the absence of pinning sites follow Brownian
motion with a diffusivity D given by [30,31]

aD

D=kl — —
G2+ (D)2

@

where kg is Boltzmann’s constant, and 7 is the temperature.
For a typical set of material parameters, the effect of the
gyrotropic motion is to cause the diffusivity to increase as
the magnetic damping increases [31], the opposite of what
might be expected. Through the dissipative force tensor this
equation has a dependence on the skyrmion radius and spin
profile [31]. However, Eq. (2) only applies to an isolated single
skyrmion on a smooth film, and the skyrmion behavior is
likely to be modified in the presence of an interacting array
of skyrmions, as well as in the presence of pinning sites [19].
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FIG. 1. (a) Schematic of the Ta/Pt/CoFeB/Ru wedge/Pt multilayer sample. (b) Perpendicular MOKE measurement of the sample under
out-of-plane applied fields at the same position (V) on the wedge as the following images. The MOKE signal is averaged over the 88 x 67 pum?
image. (c¢)—(j) Polar MOKE microscopy images showing magnetic contrast at one position on the wedge as a function of applied magnetic
field, with (c) 0.0 mT, (d) 0.05 mT, (e) 0.10 mT, (f) 0.15 mT, (g) 0.21 mT, (h) 0.26 mT, (i) 0.31 mT, and (j) 0.36 mT. The scale bar in (c) is
20 pm in length. All images are at the same scale.

II1. RESULTS

In Fig. 1(a) we show a schematic of the sample. It consists
of a Ta/Pt/CoFeB/Ru wedge/Pt multilayer (see methods for
details), where the Ru insertion layer alters the properties of
the magnetic layer. In previous work we have shown that
a Pt underlayer in combination with a Ru insertion layer
separating the CoFeB and top Pt layer induces a consider-
able Dzyaloshinskii-Moriya interaction [26] which stabilizes
skyrmions. Magneto-optical Kerr effect (MOKE) microscopy
is used to image the magnetization state of the sample, with
videos of the sample being taken at six positions along the
Ru wedge and at a series of different applied fields (see
methods).

In Fig. 1(b) a MOKE hysteresis loop for one position on
the wedge is shown, which is anhysteretic at lower fields with
some hysteresis before saturation. In Figs. 1(c)-1(j) we show
the detailed changes in the magnetization of the sample at a
particular position on the wedge. The images are taken after
applying an AC field during which a background image is
taken, which is then subtracted to show only the magnetic
contrast. This also leads to a consistent domain state for ap-
plied magnetic fields in the hysteretic part of the loop (see
methods for details). Starting from a stripe domain state at
very low applied magnetic fields [Figs. 1(c) and 1(d)], an
increasing field leads to the progressive collapse of stripe
domains into skyrmions. From 0.10 to 0.21 mT skyrmions
coexist with stripe domains with the fraction of skyrmions
increasing with increasing field [Figs. 1(e)-1(g)]. At 0.26 mT
a pure skyrmion state appears with a skyrmion density of 0.11
skyrmions/um? [Fig. 1(g)]. At higher fields the skyrmions
become sparser until only a small number are visible in the
field of view at 0.36 mT [Fig. 1(i)]. The change from a
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FIG. 2. MOKE microscopy images of the skyrmion state at
0.26 mT applied out-of-plane field for different thicknesses of the
Ru wedge. The positions are referred to in the text using Roman
numerals. For increasing Ru thickness the skyrmion densities in
skyrmions/pum? are (a) 0.07 (I), (b) 0.11 (II), (c) 0.15 (III), (d) 0.13
IV), (e) 0.17 (V), and (f) 0.20 (VI). The scale bar indicates 10 pem.

stripe domain to a field-induced skyrmion bubble phase is
well established in thin films of this type [3,13,26]. Images
of the skyrmion phases at 0.26 mT applied field at the six
different positions on the wedge used in this paper are shown
in Fig. 2. The centers of the positions are 100 um apart.
As the Ru wedge increases in thickness from position (I) to
position (VI) the skyrmions become smaller and denser. The
change in Ru thickness across the six positions is of the order
of 0.1 nm, showing the sensitivity of the domain structure to
small changes. This sensitivity is likely due to the reduction in
perpendicular magnetic anisotropy and increase in DMI that
come from the substitution of Ru for Pt at the interface. The
data presented in the paper are collected at room temperature,
due to the large changes in the magnetic domain state for small
changes in temperature as show in the Supplemental Material
Fig. S1 [32].

A. Static structure

Video stills at position (I) are shown in Fig. 3(a) at zero
magnetic field and at 0.26 mT applied field in Fig. 3(b), where
a skyrmion phase with a density of 0.11 skyrmions/um? is
seen. For a thicker Ru insertion layer [position (V)] the stripe
domains at zero field become narrower [Fig. 3(c)] and the
skyrmion phase at 0.26 mT [Fig. 3(d)] consists of smaller and
denser skyrmions (0.17 skyrmions/um?). There is a strong
correlation between the size and density of the skyrmions,
which is shown in the Supplemental Material Fig. S2 [32].
The insets in Figs. 3(a)-3(d) show the static structure func-
tions which are derived from the spatial Fourier transform
of the images (see methods) and particularly contain infor-
mation about intermediate length scales. For a crystalline
arrangement of skyrmions an ordered array of peaks showing
long-range order would be expected. For a liquid or glass with
only short-range order a ring is expected with no preferential
direction. A gaslike phase would give a broad peak around
the origin. Here the single ring indicates the dominance of a
single length scale in the ordering of the magnetic domains
and skyrmions. Some angular modulation is visible for the
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FIG. 3. (a) Zero-magnetic field MOKE microscopy image show-
ing a stripe domain pattern at position (II). The scale bar indicates
20 pum. (b) At the same position (II) as (a) a skyrmion array with
a density of 0.11 skyrmions/um? forms in 0.26 mT applied field.
(c) and (d) are as (a) and (b) but at position (V) where the skyrmion
array has a density of 0.17 skyrmions/um?. The insets in (a)—
(d) show the static structure functions of the microscopy images. (e)
Radial pair distribution function for the skyrmion arrays at 0.26 mT
at position (II) and (f) position (V). (g) Skyrmion-skyrmion pair
interaction derived from the skyrmion arrays at 0.26 mT at position
(II) and (h) position (V).

stripe domains, indicating a weak preferential direction, but
the skyrmion phases are circularly symmetric, which is typical
of liquid or glassy phases where no preferential direction is
expected [7,33].

In Figs. 3(e) and 3(f) the radial pair distribution func-
tions g(r) of the skyrmion phases in Figs. 3(b) and 3(d)
are shown (see methods). This contains information on the
average distance between particles, as well as whether it is
a gas, liquid/glass, or crystalline phase. For the larger and
sparser skyrmions in Fig. 3(b) a clear initial peak is seen

054413-3



RHODRI MANSELL et al.

PHYSICAL REVIEW B 106, 054413 (2022)

g Applied ="
2 pplie N~ . e
8 field (mT) f:; P e (b) }1
% 0.0 & < ——1II
) — o5 26 171 —=—1y
q>') 0.1 Qo = ——V
z ——0.15 = I g “ ——VI
5 —0201 § 4w = ey g
2 - I e \ ? R
b ——036 £ | =V
—_ 5 \ W \3,
2 S ol =w i AeR i 2
0.0 2.5x10°5.0x10°7.5x10°1.0x10° 0.0 0.1 02 03 04 1 > 3
1
k (m™) Applied Field (mT) At (s)
(e)F (f) 5 (h? Wait time
] Position (II)  Position (V)
- 14 2 {5 1 a A 0s o 0s
~ 1 0, og —~ o oo A A 0625s © 0625s
© > 3 ® a =2 oA A 625s O 6.25s
= ——1 £ ° £ ° D 01 AA A 156255 O 156255
7 1 b= = 8. Fou 08", P |3 | 8 Rae
501 ——1m 80‘1 g 2020mT]S " e o ] = 8 Ag§£ aa
27 =iy 2 o) a 0.20mT » 8 gas
a 2 026mT {QO a o A, A
——V a 0.26 mT 9004 Y-
— VI © 0.31 mT o 0.31mT 0.01 999 3 2”0
0.01 0.01 0.01
0.0 0.1 .02 0.3 0.6 _0.7 0.8 0.0 01 0.2 0.0 0.5 1.0
Applied Field (mT) Radius (um) Density (skyrmions / pm?) At (s)

FIG. 4. (a) Radially averaged static structure functions at position (II) for different applied magnetic fields, corresponding to the images
shown in Fig. 1. (b) Correlation length as a function of applied magnetic field at the six sample positions with different Ru thickness.
(c) Normalized intermediate scattering function as a function of wave vector, shown for different lag times, Ar at position (II). (d) Normalized
intermediate scattering function against lag time at 0.26 mT applied field for the six sample positions. (e¢) Decay time of the intermediate
scattering function peak at the six sample positions as a function of applied magnetic field. (f) Decay time of the intermediate scattering
function peak as a function of skyrmion radius. (g) Decay time of the intermediate scattering function peak as a function of skyrmion density.
(h) Dependence of the normalized intermediate scattering time on a wait time for positions (II) and (V).

followed by a few significantly weaker peaks as the radial
distance increases before the signal decays to the average
background level [Fig. 3(e)]. This behavior is as expected for
a liquid/glass phase. For the smaller and denser skyrmions
in Fig. 3(d) multiple peaks are clearly visible in the radial
pair distribution function in Fig. 3(f), indicating the presence
of correlations in the positions of skyrmions over a much
longer length scale than the average distance between par-
ticles. This data can be used to gain information about the
interactions between particles, as well. Using the hypernetted
chain closure for the Ornstein-Zernike equation (see meth-
ods) we can extract the skyrmion-skyrmion pair interaction
U (r), shown in Figs. 3(g) and 3(h) [34]. An approximately
exponential decay of the interaction strength with distance is
expected theoretically and from simulations [11,35,36], which
is consistent with what is seen here. Interestingly, despite
differences in the radius and density of the skyrmions the
decay lengths of the exponential part of the pair interaction
are similar, at around 1 um (see also the Supplemental Ma-
terial Fig. S3 [32]), at all positions of the wedge and for
different applied magnetic fields. There are also extra oscilla-
tions superimposed on the decaying exponential, particularly
visible in Fig. 3(h). An oscillation in the skyrmion-skyrmion
interaction has also been predicted from atomic simulations
[35]. In the same way that the stripe domain state has a pe-
riodicity given by the competing exchange, DMI and dipolar
interactions, combined with the external magnetic field, the
skyrmion-skyrmion interaction may also have a local mini-
mum reflecting this competition. That the long-range dipolar
interaction is likely to play a role in determining the aver-
age spacing of the skyrmions in this system means that the
extracted U(r) here is unlikely to be the same as that ex-
tracted from studying the interaction of a pair of skyrmions
directly [36].

By taking the radial average of the static structure functions
more quantitative information can be obtained. Figure 4(a)
shows the radially averaged static structure functions at po-
sition (II). The peaks are well fitted by a Lorentzian line
shape which reduces in height and broadens with increas-
ing field. These changes indicate the reducing order of the
magnetic state. However, the transition from a stripe domain
state to a skyrmion state around 0.20 mT does not lead to
any marked changes. For applied field values near saturation,
the skyrmions are sparse which leads to a gaslike structure
function with a peak at the smallest wave vector as seen for
the data at 0.36 mT [33].

By fitting a Lorentzian peak to the structure functions
derived at the six sample positions for different fields, the
correlation lengths can be extracted (see methods), as shown
in Fig. 4(b). The correlation lengths describe how far across
the sample a change in magnetization will lead to a cor-
responding change at another position. At zero field the
lowest energy state of the system has no net magnetization
and is characterized by stripe domains of a width deter-
mined by the magnetic parameters, meaning that thermally
induced changes in magnetization at one point lead to cor-
related changes over multiple stripe domain widths [37,38].
As the field is increased the correlation lengths decrease
but again there is no clear transition from stripe domains to
skyrmions in the data. There is also surprisingly little variation
in the correlation length at a given applied field even though
there is a greater than factor of 2 variation in the skyrmion
density at different positions. For higher fields, where the
skyrmions are relatively sparse, the correlation length drops
rapidly. For these fields, the large average distance between
skyrmions leads to a weak skyrmion-skyrmion interaction
and the correlation length becomes similar to the skyrmion
size.
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B. Dynamic properties

As well as the static structural properties, the stripe do-
mains and skyrmions show thermally activated movement. In
the Supplemental Videos [32] the motion of both the stripe
domain states and the skyrmions arrays is shown. As seen in
Fig. 3, the azimuthal dependence of the static structure func-
tions is weak for the stripe domains and there is no azimuthal
dependence for the skyrmion states. Therefore, in order to
capture the domain motion we use the normalized radially av-
eraged intermediate scattering functions (see methods) which
contains information about the space and time dependence of
correlations in the system. In particular, it can describe the
extent of the similarity of the system as a function of the
lag time. In Fig. 4(c) we show the intermediate scattering
function of the skyrmion state at 0.26 mT at position (II) as a
function of lag time between video frames. The data consist of
a single broad peak centered around the same wave vector as
the static structure function [Fig. 4(a)] whose intensity decays
with increasing lag time. The decays of the correlations with
the lag time for the six different wedge positions and 0.26 mT
applied field is shown in Fig. 4(d). The decays consist of
an initial drop followed by a slower decay which is roughly
exponential. This exponential part depends strongly on the
position along the wedge.

The equivalent decay times for all six sample positions as
a function of magnetic field are shown together in Fig. 4(e),
fitted as a double exponential where the longer decay constant
is shown. We observe two main features. First, the decay time
decreases roughly exponentially with increasing field, without
a discontinuity when the magnetic stripe domains transition
into a skyrmion array. Second, the decay time reduces for
denser stripe domains and smaller/denser skyrmions.

These observations are quantified in Figs. 4(f) and 4(g)
where a strong dependence of the scattering function decay
on the skyrmion radius and skyrmion density is shown. In both
cases a roughly exponential relationship is seen with decreas-
ing radius and increasing density leading to faster decay times.

The intermediate scattering function in Fig. 4(d) can be
fitted with a stretched exponential function typical of systems
with depinning from traps. This fitting is summarized in the
Supplemental Material Fig. S4 [32], and suggests that such a
fitting leads to a low stretching exponent which could be con-
sistent with a glassy as opposed to liquid state. In a glassy state
the sample would be expected to undergo aging shown by the
slowing of the decay of the intermediate scattering function
for increasing wait times after initialization [39]. To test this,
in Fig. 4(h) the decay as a function of a wait time is shown for
positions (II) and (V), where the decay remains similar for all
the wait times tested. For position (V) the maximum wait time
is around two orders of magnitude larger than the decay time
strongly suggesting that the system does not show aging.

C. Pinning

Thus far we considered the macroscopic properties of
mobile skyrmions arrays. It is clear from the videos of the
skyrmions that microscopic interactions with pinning sites
play an important role in the behavior of the system. In
Figs. 5(a)-5(e) a few skyrmions at the same position are
shown as a function of time at position (V). The skyrmions
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FIG. 5. (a)—(e) Images of a few skyrmions at position (V) at
different times. (f) Extracted pinning sites from averaged video stills,
a whiter color within the red circle indicates greater occupation of
a site. (g) Histogram of skyrmion occupation time calculated using
8 x 8 pixel areas. (h) Two-site correlation function calculated using
the pinning probability (left-hand axis) plotted with the radial pair
distribution function (right-hand axis). See text for details.

at the top of the image are strongly pinned. At the bottom of
the image the skyrmions engage in a series of interconnected
jumps between well-defined positions. In ultrathin sputtered
heterostructures as studied here there are material grains due
to the polycrystalline growth of the Ta/Pt underlayers. From
x-ray diffraction measurements on a similar sample to the one
measured here the grain size is determined to be ~11 nm (see
the Supplemental Material Fig. S5 [32]) in line with similar
sputtered multilayer samples [40]. Other forms of a pinning
site are possible, such as point defects, but the existence of
grains provides a parsimonious explanation for the pinning.
Due to the size of the grains, individual skyrmions interact
with a large number of grains.

In Fig. 5(f) the positions of pinning sites at the same loca-
tion are extracted from time-averaged video stills. The whiter
the color within the red circle the longer a skyrmion occu-
pied the pinning site. Note that circles can overlap, meaning
that there are multiple possible sites in less than the average
skyrmion radius as also seen in Figs. 5(a)-5(e).

Figure 5(g) shows a histogram of the occupation time for
skyrmions calculated using 8 x 8 pixel areas (see methods),
which shows an exponential decay of the number of sites as
the occupation time increases (red fit line). In a simple two
state classical Boltzmann model the dwell time in one state is
expected to be exponentially distributed. That the distribution
of skyrmion occupation times shows an exponential decay
therefore indicates that there is a fairly narrow distribution
of pinning site energies. To test whether there is any pattern
to the strength of the pinning sites, the correlation between
pinning strengths can be calculated. Using the pinning sites
identified in Fig 5(f), the probability of depinning between
video frames is calculated (see methods). In Fig. 5(h) a radial
distance dependent two-site correlation function is plotted
(left axis) along with the pair distribution function (right
axis) plotted for comparison (see methods). The correlation
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function measures the similarity in pinning strength between
neighboring pinning sites. It shows a rapid decrease in the
correlation for small distances, such that at the first peak
of the pair distribution function g(r) there is no correlation
between the strength of neighboring pinning sites. At larger
distances, therefore, the strength of pinning sites is randomly
distributed. The existence of a notable correlation at short
distances is likely due to closely spaced weak pinning sites,
which skyrmions rapidly move between. Some examples of
such closely spaced weak pinning sites are seen in Fig. 5(f),
particularly in the top right of the image.

D. Micromagnetic simulations

To understand better the experimental data we use micro-
magnetic simulations to investigate the behavior of skyrmions
interacting with a material grain structure. We use similar
parameters to those expected for the film studied here, taken
from a previous similar sample [26] (see also methods). In
Fig. 6(a) a snapshot of a micromagnetic simulation is shown,
carried out at an effective temperature of 300 K, and with an
out-of-plane field of 160 mT. With these conditions skyrmions
nucleate spontaneously leading to a skyrmion density of
~320 skyrmions/um? after a short relaxation time. The sim-
ulation includes a grain structure of 10 nm average diameter
with a corresponding variation in the magnetic anisotropy (as
a Gaussian distribution with a standard deviation of 5%) and
DMI (as a Gaussian distribution with a standard deviation of
15%). The skyrmions are both thermally excited into motion
and interact with the grains [19]. Although similar material
parameters are used as in the experiments, the skyrmions
in the simulations are significantly smaller, with an average
radius around 14 nm, and the relevant timescales are orders of
magnitude shorter. The reason for this discrepancy is unclear,
although it may relate to the difficulty of reproducing the
experimental dipolar fields. The inset in Fig. 6(a) shows the
static structure function which is dominated by a single ring.
The simulations also reveal a skyrmion-skyrmion interaction
potential similar to the experiments (see Fig. S6 in the Sup-
plemental Material [32]). The dynamic properties given by
the normalized intermediate scattering function are shown in
Fig. 6(b). Simulations allow much shorter time steps relative
to the skyrmion motion. A broad peak is seen at short times
which rapidly decays at longer times, resembling the data in
Fig. 4(c). The shorter time steps also mean that individual
skyrmions can be reliably tracked, allowing the extraction of
more information than is available in the experimental case.
In Fig. 6(c) we show the self-intermediate scattering function
(see methods), which is extracted by tracking the paths of
individual skyrmions through the simulation at different wave
vectors. Following a short initial decay, there is an exponen-
tial decay of the correlations which for larger wave vectors
then levels off at longer lag times. This behavior at long
lag times is absent in a simulation carried out without grains
(see the Supplemental Material Fig. S7 [32]). The mean
square displacement (Ar?) of the simulated skyrmions can
also be extracted as shown in Fig. 6(d). For simple Brow-
nian diffusion the mean square displacement is expected to
increase linearly with lag time Af, as shown by the line with
a slope of 1. The extracted curve shows a notable deviation
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Occupation time (ns) Radial distance (nm)

FIG. 6. (a) Snapshot of part of a micromagnetic simulation at
160 mT applied field. Inset shows the static structure function.
(b) Intermediate scattering function as a function of momentum for
different delay times. (c) Self-intermediate scattering function as a
function of delay time k increases in the direction of the arrow from
2.7 x 10° to 5.0 x 10" m~" in steps of 2.4 x 10° m~'. (d) Mean
square displacement of the skyrmions (Ar?) as a function of lag time
At. The inset shows (Ar?)/At, which is fitted to Dy[1 + 4/ In(At)]
where D, is the diffusion coefficient. (e) Histogram of skyrmion
occupation time calculated using 8 x 8 pixel areas. (f) Two-site cor-
relation function calculated using the pinning probability (left-hand
axis) plotted with the radial pair distribution function (right-hand
axis).

at lag times greater than 1 ns, with the slope increasing again
at longer lag times. The grains in the simulation act as weak
pinning sites which alters the diffusion of the skyrmions. In
two-dimensional diffusion with weak pinning and spatial cor-
relations that rapidly decay, Bouchaud and Georges [41] show
that the mean squared displacement is given by (Ar?(At)) ~
2Dy At(1 + 4/ 1In At) where Dy is the diffusion coefficient. In
the inset we plot (Ar?(At))/At, which shows the correction
to the standard Brownian motion, and a fit to the 1 + 4/ In(At)
term. The good fit suggests that the assumptions underlying
the theory are well met in this case.

Following on from this, in Fig. 6(e) the distribution of
pinning times is shown, which has an exponentially decay-
ing number of sites with increasing pinning time, similar to
Fig. 5(g). In Fig. 6(f) a similar correlation function to the
experimental pattern is also shown for the case of pinning in
the simulations.

Experimentally the strong temperature dependence of
the magnetic parameters prevents us from studying the
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FIG. 7. (a) The sixfold bond-orientational order parameter cal-
culated for simulations with (black) and without (red) pinning as a
function of temperature. Magnetization snapshots from simulations
as a function of temperature with grains at (b) 10 K, (c) 50 K,
(d) 100 K, (e) 200 K and without grains at (f) 10 K, (g) 50 K, (h)
100 K, (i) 200 K. The insets show the static structure function.

temperature dependence of thermally driven skyrmion dy-
namics. Using simulations, however, the temperature can be
varied while keeping all the magnetic parameters constant.
In Fig. 7(a) we compare the effect of changing the temper-
ature in simulations with and without a grain structure. We
characterize the system with a sixfold bond order parameter
(see methods), which indicates the extent of the orientational
ordering in the system. Snapshots of the simulations at differ-
ent temperatures with grains are shown in Figs. 7(b)-7(e) and
without grains in Figs. 7(f)-7(i). At high temperatures the two

0.550

(a)

5 0 Frequgncy (GHz‘)D

(c)y s (d)

S(k,At)/S(K)

01 8x10°  ——3.1x107
——1.5x107 —— 6.2x107 0.00
0 1 2 3 4 1 2 3
At (ns) At (ns)

FIG. 8. (a) The time dependence of M, spatially averaged across
the simulation. The inset shows the FFT of the data (black) with
a Savitsky-Golay average (red). (b) The time dependence of M,
(black) and M, (red) spatially averaged across the simulation. The
inset shows the FFT of the M, data (black) with a Savitsky-Golay
average (red). (c) The detrended intermediate scattering function at
four different particular wave vectors at 300 K. The curves are offset
for clarity. (d) The detrended intermediate scattering function as a
function of temperature at a wave vector of 4 x 10® m~!.

simulations both show low sixfold order indicating the forma-
tion of a liquid phase, with little difference between the two
simulations shown in Figs. 7(e) and 7(i). As the temperature
is reduced in the simulation without grains, the orientational
order of the system increases steadily, forming a state with
a high degree of order at lower temperatures [Figs. 7(f) and
7(g)]. For the simulations with a grain structure a very small
increase of the ordering of skyrmions is seen with reducing
temperature [see Figs. 7(b)-7(d)] and it clearly diverges from
the case without grains at less than 200 K.

E. High frequency collective mode

In the simulations, a synchronized oscillation in the
skyrmion size can be seen (shown in the Supplemental Video
4 [32]). In Fig. 8(a) the normalized magnetic moment in the
simulation, averaged over the entire area, is shown. There are
clear periodic oscillations which give a broad peak in the
Fourier transform of the data shown in the inset at around
6 GHz. In Fig. 8(b) we show the fractional change in the in-
plane magnetization in the x and y directions where it can be
seen that the oscillations occur with a lag between the M, and
M, components. Therefore, this skyrmion behavior is related
to both an oscillation of the skyrmion size and gyrotropic
motion of the skyrmions [42]. Figure 8(c) shows the detrended
normalized intermediate scattering functions (see methods)
for four wave vectors, showing that the magnitude of the oscil-
lation decays with increasing wave vector. That the oscillation
is strongest at low wave vectors demonstrates that this is a
collective oscillation of the sample. In Fig. 8(d) we show
the temperature dependence of the oscillation at fixed wave
vector also by plotting the detrended normalized intermediate
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scattering function. While the oscillation is already present at
10 K, it rapidly increases in amplitude up to 100 K and then
remains roughly the same at higher temperatures. Such long-
range synchronized oscillations are likely to be mediated by
dipole fields, with neighboring skyrmions also being affected
by changing skyrmion-skyrmion interactions. The existence
of a collective thermal excitation of skyrmions is important
because it may affect the behavior of proposed devices based
on the nonlinear response of skyrmions to currents [11,43] or
open routes to novel high-frequency devices.

IV. DISCUSSION

The skyrmion layers measured here have the structure ex-
pected of a liquid or glass, showing short-range order in dense
arrays. To distinguish between a liquid and glass we need
to understand the details of the dynamics of the skyrmion
arrays. In the simulations, the system is clearly in a liquid
state at 300 K, as the simulations with and without grains
are identical above 200 K as shown in Fig. 7. Despite this
the interaction of skyrmions with grains still alters the motion
of the skyrmions and the associated correlation functions as
shown in Fig. 6. The experimental data in Fig. 4(d) can also
be fitted using the stretched exponential form often used for
glasses (see the Supplemental Material Fig. S4 [32]) [44],
however the simulation data suggest such altered correlations
exist for the liquid case too. One glasslike property that can
be tested is aging for which we find no evidence as shown in
Fig. 4(h). Together this suggests that the skyrmions are in a
liquid state where the correlation functions are modified by
the pinning—a weakly pinned liquid.

The properties of the skyrmion liquid depend on the in-
teraction of three energy scales, the thermal energy, the
pinning, and the skyrmion-skyrmion interaction. In sputtered
thin films, such as the one studied here, the grains which
lead to pinning largely arise from the Ta/Pt underlayers [40]
and so it is expected that the pinning sites are similar for
all the points on the wedge. In the experimental film, the
skyrmions are weakly pinned and the arrays have the struc-
ture expected of a liquid, but the temporal correlations do
not completely decay at long times due to the presence of
preferential pinning sites. This is also seen in the simula-
tion results, where, once the temperature is raised above a
certain level, the structure of the liquid does not depend on
the pinning sites, even though the skyrmions are still weakly
pinned. In denser arrays the skyrmion-skyrmion interaction
is also important. Experimentally, as the density increases,
the correlation times decrease, which is probably due to an
increase of the skyrmion-skyrmion interaction energy relative
to the pinning energy.

The possibility of tuning the desired static and dynamic
properties of skyrmion arrays will enhance the feasibility of
producing stochastic computation devices. This tuning can
be achieved through modifying the magnetic parameters, or
through modifying the grains—for instance through ion bom-
bardment [45]. The behavior of the skyrmions can be modeled
using micromagnetic simulations with a grain structure and a
thermal field. The grain structure of the polycrystalline film
leads to pinning sites with a narrow energy distribution as seen
in the experiments. The relatively small distribution of pinning

energies is of interest for applications of a wide variety of
skyrmion devices as it suggests that devices incorporating
pinning due to grains are still viable for current-driven de-
vices. Lastly, the existence of a thermally activated collective
breathing and gyrotropic mode may also be relevant when
designing stochastic devices that operate at higher frequencies
[46] and highlights an important gap in our knowledge of
skyrmion properties.

V. METHODS

A. Thiele equation

The Thiele equation [28] decomposes the motion of a rigid
skyrmion under an applied force into two terms. The spin
structure of a skyrmion is assumed to be rigid, so that by
defining r as the position vector of the spins relative to the
skyrmion center and C(t) as the center-of-mass coordinate of
the skyrmion, we obtain m(r, t) = m[r — C(¢)]. The dynamics
of a magnetic skyrmion structure can then be described by the
Thiele equation [2,28,47]

M,y 'G xC + M,y 'aDC =F, (3)
om 0m
G://dxdym- —x — ),
dx ay

F=-VU. “

where

Here VU is the energy gradient within a skyrmion, and F
is the equivalent driving force. G = (0, 0, G) is the gyro-
magnetic coupling vector where G = £4x for a skyrmion.
D is called the dissipative force tensor. M is the saturation
magnetization and y is the gyromagnetic ratio.

B. Film growth

The sample consists of a Ta (2nm)/Pt (4nm)/
Cog.4Fep4Bo> (0.8 nm)/Ru wedge/Pt (4 nm) heterostructure
grown by magnetron sputtering in a chamber with a base
pressure of 5 x 10~% mbar. The Ru wedge is created using
the movement of a shutter. On the thin side of the wedge, the
Ru is around 0.2 nm thick and along the wedge the thickness
increases by around 0.1 nm across the studied area.

C. MOKE microscopy

Magneto-optical Kerr effect (MOKE) microscopy is car-
ried out on a Evico system based on a Zeiss microscope,
using a 100x lens in a polar MOKE configuration. The lens
has a numerical aperture of 0.8, which combined with the
white light source gives a resolution of ~400 nm. Videos of
1000 frames of 672 x 512 pixels were taken at 16 frames per
second using a Hamamatsu C4742-95 digital camera, giving
an imaged area of 88 x 67 um?. The six positions from which
data are collected have a center-to-center spacing of 100 pm.
A composite image of an area similar to the one used in the ex-
periments is shown in the Supplemental Material Fig. S1 [32].
A Helmholtz coil is used to apply an out-of-plane magnetic
field. The magnetic state is initialized by setting the magne-
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tic field to the required DC value with an additional 1 mT AC
field. During application of the AC field a background image
is taken which is then subtracted from the image to leave only
magnetic contrast. The AC field then decays over 5 s to leave
just the DC field. The video acquisition is then started.

D. Experimental structure functions

From the experimental MOKE microscopy images, the
static structure function and the intermediate scattering func-
tion are calculated. The static structure function is given by

S(k) = (prp-1), &)

where py is the 2D spatial Fourier transform of the MOKE
microscopy video images. For both the static and dynamic
structure functions a 512 x 512 window in the center of the
image is used. The angle brackets indicate an ensemble av-
erage. The intermediate scattering function, which gives time
dependent changes, is calculated using

Sk, At) = (k@) p—i(t + A1), — (k) (p-k (t + AL)),,
(6)
where At is the time lag between frames and the ensemble
average is taken over the time, 7.

E. Correlation length

The static structure functions at different positions and
applied magnetic fields can be fitted by a Lorentzian of the
form:

24 3
7 Ak —x0) + 1/82

where A is a scaling factor, xq is the wave vector of the peak,
& is the correlation length, and y is a vertical offset.

S(k) = + Yo, (N

F. Radial pair distribution function

The radial pair distribution function is given by

1 1 N N
g(r) = %N—p;;«m— I — 1)), (8)

where r is the radial distance, N is the number of skyrmions,
p is the skyrmion density, and r; is the position of a skyrmion.
The positions of the skyrmions are extracted from the MOKE
microscopy videos using the TrackMate plugin of Imagel]
[48]. The radial pair distribution function is calculated for
each frame and then averaged to obtain the presented data.

G. Skyrmion-skyrmion pair interaction
The pair interaction can be calculated using the hypernetted
chain closure:
U(r) = —In[g(r)] + h(r) — c(r), ©)

where g(r) is the pair distribution function, h(r) = g(r) — 1,
and c(r) is the Fourier transform of ¢(k) defined by the
Ornstein-Zernike equation as

sty = —®)

- 10
1+ poh(k) (19)

where h(k) is the Hankel transform of A(r) and py is the areal
density of skyrmions.

H. Areal distribution of pinning sites and probability
of depinning

For Fig. 5(f) we use the TrackMate plugin of ImagelJ [48]
in order to identify typical skyrmion positions in the time
averaged video sequence. These positions are then plotted
on the averaged image as a red circle with 6 pixel radius.
Then by averaging the intensity for 5 x 5 pixels around the
selected positions, the intensity as a function of time around
each point is extracted from the videos, which is thresholded
to convert it into data giving the presence or absence of a
skyrmion as a function of time at a particular site. Using a
simple two-site Markov model, we extract the probability of
the skyrmion remaining on the site from one frame to the
next. In order to study the correlations between sites we use
a method similar to the method used to extract the pair distri-
bution function (see above), however since we use long-time
averaged data the function is different to that extracted in
Fig. 3. For each skyrmion position the distance to all other
skyrmions positions is found. The probability interval of [0 1]
for the skyrmion staying on a site is linearly converted to
a [—1 1] interval in order to calculate the correlation as a
function of distance C(r), given by

C(r) = (P(R)P(R + 1)) = (P(R))(P(R + 1)), an

where P(R) is the converted probability at site R. For Fig. 5(g)
the skyrmion positions in each video frame are extracted using
the TrackMate plugin of ImageJ [48]. The video frame are
then divided into 8 x 8 pixel areas and the total time any
skyrmion is present in each 8 x 8 region is calculated. The
data then plotted as a histogram of the number of 8 x 8 areas
that have a particular total occupation time.

I. Micromagnetic simulations

Micromagnetic simulations are carried out using the Mu-
Max3 code [49,50]. The following parameters are used,
saturation magnetization My =9.0 x 10° A/m, exchange
length A = 6.5 x 107! J/m, interfacial DMI D = 1.7 x
1073 J/m?, uniaxial anisotropy K, = 6.0 x 10° J/m>. The
data presented in the main paper uses an applied out-of-plane
magnetic field of 160 mT. Grains were created using a Voronoi
code with an average size of 10 nm [51]. The variation in
the local parameters was drawn from a Gaussian distribution
with a standard deviation of 5% for K, and 15% for D. The
parameters are adapted from a detailed study on similar films
[26], although the values of M, and D are slightly increased.
This leads to significantly smaller skyrmions than seen exper-
imentally so that the simulations encompass a larger number
of skyrmions with significant mobility on a length scale and
timescale that is accessible to micromagnetic simulations. The
simulations use a 1024 x 1024 grid with 2.5 nm spacing in the
x and y direction and with a 0.8 nm thick magnetic layer in
the z direction. Thermal effects are simulated using a random
thermal field which updates on each time step [49]. For the
data in Figs. 6(a)-6(c) a sequence of 1600 magnetization
configurations are saved at a 5 x 10712 s time interval, while
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Figs. 6(d)-6(f) uses the same simulation parameters but with
1000 frames extracted at intervals of 0.2 ns. Figure 7 uses 25
frames taken 1 ns apart.

J. Structure functions derived from micromagnetic simulations

The static structure function and the intermediate scattering
function can be calculated from images of the magnetization
from the simulations in the same way as for the experimental
data described above. For the simulation data, however, it is
also possible to track the movement of individual skyrmions.
However, oscillations in the size of the skyrmions, and the
fact that skyrmions annihilate and nucleate during the simu-
lation, limit the duration of skyrmion tracking. For tracking
we use scripts based on the trackpy module for python [52].
The individual trajectories can then be used to produce the
self-intermediate scattering function by calculating

N
Ss(k, At) = 11\7<Z expfik - [r;(t + At) — rj(t)]}> , (12)

j=1

where r;(t) is the position of the skyrmion at time f. The
ensemble average is taken over all tracked skyrmions and
times. By fitting the exponential decay of this function at
larger times, the decay time as a function of wave vector can

be obtained. For Brownian motion it is expected that:

Sy(k, At) = exp[—Dk*t], (13)

K. Sixfold bond orientational order

In Fig. 7(a) we use the sixfold bond orientational order pa-
rameter to provide a measure of the ordering of the skyrmions
in the simulations. The parameter is defined as

Ny

1 )

We (k) = N E o, (14)
=1

where the calculation sums over the angles between the kth
skyrmion and its nearest neighbors, defined by a Voronoi
partitioning of the space. We then plot the average of the real
part of W for all skyrmions.
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